78, p-trend = 0.01), but increased mortality from lung cancer (HR = 1.28, 95% CI 1.02-1.61, p-trend = 0.19). Improved survival was also suggested for head and neck, gastric, pancreatic, and liver cancers, though not statistically significantly, and case numbers for the latter two organ sites were small. Higher 25(OH)D status years prior to diagnosis was related to improved survival for overall and some site-specific cancers, associations that should be examined in other prospective populations that include women and other racial-ethnic groups.
Introduction
Vitamin D has been associated with improved overall cancer survival in several prospective studies [1] , but not all [2, 3] , and although low vitamin D status has been observed in cancer patients after diagnosis, fewer studies have examined prospectively measured vitamin D and subsequent site-specific cancer mortality outcomes [1] . We have previously shown that 25-hydroxyvitamin D [25(OH)D], the accepted biomarker of vitamin D status, was associated with improved prostate cancer, but not lung cancer, survival [4, 5] . The present study was undertaken to examine whether prospectively measured 25(OH)D, years in advance of cancer diagnoses, is related to overall and site-specific cancer survival in a cohort of male smokers.
Methods

Participants
The Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study has been previously described [6] . Briefly, 29,133 Finnish male smokers, aged 50-69 years, were recruited from 1985 to 1988 to participate in a controlled primary prevention trial. Participants were supplemented daily for 5-8 years (median 6.1 years), with alpha-tocopherol (50 mg dl-alpha-tocopheryl acetate), beta-carotene (20 mg), both, or placebo, until death or trial closure in April, 1993. Participants have been followed through linkage with the Finnish Cancer Registry, which provides nearly 100% ascertainment of cancer cases within Finland [7, 8] , and the Register of Causes of Death, with survival data available through December 31, 2014 . Risk factor questionnaires were completed at baseline, including information about smoking habits, medical history, and dietary intake [6, 9] . Height and weight were measured. Family history of cancer was ascertained in a questionnaire during follow-up. The study was approved by the Institutional Review Boards of the U.S. National Cancer Institute (NCI) and the Finnish National Institute for Health and Welfare, and written informed consent was obtained from all individual participants included in the study.
Cancer cases were drawn from previous nested casecontrol studies of circulating 25(OH)D and cancer risk within the ATBC Study [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The majority of cases (82.8%) were assayed together as part of a large multiorgan site study including malignant melanoma (International , and upper gastrointestinal tract, including esophageal squamous cell carcinoma (ICD9 = 150), esophagogastric junctional adenocarcinoma (ICD9 = 150 and 151.0) and gastric noncardia adenocarcinoma (ICD9 = 151.1-151.9). Additional cases (7.8%) originated from a prior lymphoid cancer study [19] and a subsequent liver cancer study (2.3%) [20] . To increase the sample size for specific organ sites of interest, we measured serum 25(OH)D in all additional ATBC cases of oropharynx, larynx, upper gastrointestinal, kidney, and melanoma (referred to as the ''addendum set''), representing 7.1% of the final dataset. In total, 4616 cancer cases were included.
Serum 25(OH)D measurements
Fasting baseline serum samples were stored at -70°C until analysis. 25(OH)D from baseline/pre-randomization samples was measured by Heartland Assays, LLC (Ames, Iowa). The majority (multi-site and liver sets) were measured with the direct, competitive chemiluminescence immunoassay, DiaSorin Liaison 25(OH)D TOTAL [21] . The lymphoid set used a radioimmunoassay [19] and the most recent addendum set used liquid chromatography/mass spectrometry. Masked quality control duplicates represented 5-6% of the total sample size, and consisted of pooled serum samples and, for the multi-site set, standard reference material for vitamin D from the US National Institute of Standards and Technology (SRM 972) [22] . Coefficients of variation calculated using nested components of variance analyses [23] were 7.1% (interbatch) and 10.1% (intrabatch) for the multi-site set [24] , 1.4% (interbatch) and 3.9% (intrabatch) for the liver set [20] , 14% (overall) for the lymphoid set [19] , and 8.1% (interbatch) and 8.9% (intrabatch) for the addendum set.
Statistical analyses
Follow-up time was calculated from the date of cancer diagnosis to date of death or the cohort censor date (December 31, 2014). For the overall cancer analyses, men with any cancer as the cause of death were considered cases. For each individual cancer site analysis, cases were defined as men who died of that specific cancer. Men with any other cause of death were censored at their death date and considered cancer survivors, as were men who were alive at the end of follow up.
Wilcoxon rank sum tests (for continuous variables) and Chi square tests (for categorical variables) were used to examine demographic factors for men who had died of cancer compared with cancer survivors. Hazard ratios (HR) and 95% confidence intervals (CI) for 25(OH)D and cancer mortality were calculated using Cox proportional hazards regression. The hazard proportionality assumption was tested and no evidence of a violation was found. Because the assay methods and dates of analysis differed in the multisite, liver, lymphoid, and addendum sets, we created separate 25(OH)D categories based on the 25(OH)D distribution within each of these sets. In addition, because of the known seasonal variation in 25(OH)D concentrations, the 25(OH)D categories were also created separately for two seasons (''darker'' and ''sunnier''). Therefore, 25(OH)D was modeled using season-and set-specific quantiles (tertiles or quintiles) based on the 25(OH)D distribution of all subjects in each season and set, and entered into the Cox models as indicator variables. To test for linear trends, the quantiles were coded 1-3 or 1-5 (for tertiles and quintiles, respectively) and treated as a continuous variable. Season was defined as ''darker'' (November-April) and ''sunnier'' (May-October) based on monthly median 25(OH)D concentrations among a large set of ATBC non-cancer controls [13] .
Analyses for overall cancer mortality and most organspecific models are presented with 25(OH)D quintile categories. We used a smaller number of categories if there were \ 10 subjects/cell when crossing the 25(OH)D quantile variable with the outcome survival variable. Esophageal, liver, melanoma, and pancreatic cancer are therefore presented as tertiles; however, due to the small number of survivors, models for esophageal and pancreatic cancer still had \ 10 subjects/cell. Because most of the cancers were prostate (n = 1294) and we had previously observed that higher pre-diagnostic 25(OH)D was associated with lower prostate cancer mortality [4] , we conducted a sensitivity analysis excluding those cases from the overall cancer mortality models. We did the same for lung cancer, which had the second largest number of cancers (n = 989) and was also previously published [5] .
All models were adjusted for age at diagnosis (continuous). No other variables were considered confounders as none produced a [ 10% change in the 25(OH)D coefficients when added to the models adjusted for age at diagnosis. However, we selected the following for our multivariable models, as they are potentially associated with mortality: body mass index (BMI), number of cigarettes smoked per day, number of years smoked, physical activity in leisure time, serum cholesterol, history of diabetes, family history of cancer, systolic blood pressure, trial intervention group, and calendar year of diagnosis (which could be related to treatment protocol). We further adjusted site-specific models for prior cancer diagnoses by including a yes/no flag variable in the models. The following variables were tested but not included in final models: age at blood collection; height; occupational physical activity; vitamin D, calcium, alcohol, and energy intakes; and supplemental vitamin D and calcium.
Secondary analyses were stratified by median splits of age at diagnosis, BMI, number of cigarettes/day, and serum a-tocopherol, b-carotene, and retinol, as well as trial intervention group, season of blood collection, and season of diagnosis. Effect modification was statistically evaluated by comparing models with and without a cross-product term of 25(OH)D (categorical) and the effect modifier (categorical), using the log-likelihood test. We also examined effect modification for lung and esophageal cancer by smoking intensity. Additional analyses were conducted stratified on year of diagnosis (1985-1994, 1995-2004, 2005-2014 ) and on median time between blood collection and cancer diagnosis, and excluding the first 2 years of follow-up to reduce potential reverse causality. Statistical analyses were performed using SAS software version 9.4 (SAS Institute, Inc., Cary, North Carolina) and all p values were 2-sided.
Data on cancer stage were only available for 49% of cases, and primarily for prostate cancer (84% of prostate cases), lung (56%), colorectal (42%), gastric (51%), liver (47%) and pancreas (76%). The proportion of men with no stage data was similar by quintile of vitamin D. For the overall analysis and for these six cancer sites specifically, we ran additional models adjusting for cancer stage (stages 1-4 and missing). The all-site, prostate, and lung analyses were also stratified by cancer stage.
Results
Men who died from their cancer (n = 2884) were older at study entry/blood collection, diagnosed with cancer at a younger age, heavier smokers, more likely to have a family history of cancer, and had lower serum 25(OH)D at baseline (Table 1) . A greater percentage of these men were diagnosed at a later stage (i.e., stage 3 or 4) compared with the cancer survivors ( Table 1) Higher circulating 25(OH)D years prior to cancer diagnosis was associated with lower cancer mortality (HR = 0.76, 95% CI 0.67-0.85 for highest vs. lowest quintile, p-trend \ 0.0001, Table 2 ; Kaplan-Meier survival plot of vitamin D quintiles shown in Fig. 1 ). In a sensitivity analysis excluding prostate cancers, the association was attenuated, but cancer mortality remained significantly lower for men in the highest vitamin D category (HR = 0.83, 95% CI 0.72-0.94, p-trend = 0.02). Cancer mortality also remained significantly lower when lung cancers were excluded, either alone (HR = 0.69, 95% CI 0.60-0.80 for highest vs. lowest quintile, p-trend \ 0.0001) or along with the prostate cancers (HR = 0.73, 95% CI 0.62-0.86, p-trend = 0.002). When restricted to the 83% of subjects whose serum vitamin D assays were conducted in the same laboratory at the same time using the same assay (DiaSorin Liaison 25(OH)D TOTAL), findings were identical (HR = 0.76, 95% CI 0.67-0.87, p-trend \ 0.0001). Higher vitamin D status was associated with significantly improved survival from prostate cancer, kidney cancer, and malignant melanoma, and non-significantly improved survival from liver, pancreatic, gastric, and head and neck cancers ( Table 2) . By contrast, higher 25(OH)D was associated with poorer lung and esophageal cancer survival (albeit, significant only for lung cancer, Table 2 ). Note that the number of cases for several cancer sites was low (see Table 2 ).
Findings were similar after adjusting for stage at diagnosis in the 2278 cases with stage data (HR = 0.76, 95% CI 0.68-0.86 for highest vs. lowest quintile, p-trend \0.0001 for all cases combined, Table 2 ). This was also true for lung, prostate, colorectal, liver, and pancreatic cancers, while risks for gastric cancer were slightly strengthened with stage adjustment ( Table 2) . Stratification of overall cancer by disease stage at diagnosis showed a somewhat stronger vitamin D-survival association for stages 1-2 compared with stages 3-4 cancers, but the interaction test was not statistically significant (Table 3, The 25(OH)D-overall cancer survival association did not differ by calendar year of diagnosis (Table 4) , by other factors examined, including time between blood collection and diagnosis, or when excluding the first 2 years of observation (data not shown).
Discussion
Men with higher serum 25(OH)D years prior to cancer diagnosis experienced significantly longer survival after a cancer diagnosis, compared to those with lower vitamin D [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . These studies likely suffer from some degree of reverse causality, however; i.e., the cancer or its treatments could have influenced vitamin D status. Prospective studies greatly reduce this bias by measuring 25(OH)D in blood samples obtained years prior to cancer diagnosis, and most show higher circulating vitamin D associated with improved cancer survival [39] [40] [41] [42] , particularly for women in one study [39] and only in persons with a history of cancer in another [42] . By contrast, two other cohorts [2, 3] and one meta-analysis of eight prospective cohorts [43] showed no association between pre-diagnostic 25(OH)D and cancer survival. Vitamin D supplementation has been associated with increased cancer survival in a meta-analysis of a few trials [44] , although risk estimates in the individual studies were not significant [45] [46] [47] . Three vitamin D trials of men with advanced prostate cancer were also null [48] , and other trials examining effects on cancer progression and survival are on-going [49] .
We observed that higher prospectively-measured 25(OH)D was associated with improved survival after a diagnosis of prostate cancer, kidney cancer, and melanoma. Previously we showed this increased prostate cancer survival based on shorter follow-up and fewer cases [4] Cutpoints for the 25(OH)D concentrations were based on the distribution in each analysis set and season and are reported in Table 2 c Adjusted for age at diagnosis d
Additionally adjusted for body mass index, number of cigarettes smoked per day, years of smoking, physical activity, serum cholesterol, history of diabetes, family history of cancer, systolic blood pressure, trial intervention group, and calendar year of diagnosis Cutpoints for the 25(OH)D concentrations were based on the distribution in each analysis set and season and are reported in Table 2 b
Adjusted for age at diagnosis c Additionally adjusted for body mass index, number of cigarettes smoked per day, years of smoking, physical activity, serum cholesterol, history of diabetes, family history of cancer, systolic blood pressure, trial intervention group, and calendar year of diagnosis similar findings in the Swedish Malmo cohort (HR = 0.6 for prostate cancer mortality) [50] and the Health Professionals Follow-up Study (OR = 0.4 for fatal or metastatic disease) [51] . By contrast, data from five cohorts within the Breast and Prostate Cancer Cohort Consortium showed no 25(OH)D-survival association [52] , and the NHANES III study found non-significant decreased prostate cancer survival for men with higher 25(OH)D status [53] . The EPIC cohort found a U-shaped association between vitamin D and mortality after a kidney cancer diagnosis [54] . We are not aware of prior prospective studies of vitamin D and malignant melanoma survival. Higher vitamin D status was not associated with survival from bladder, colorectal, or hematological cancers in our study, but better survival was suggested for head and neck, liver, pancreatic, and gastric cancers, and poorer survival for esophageal cancer. The EPIC cohort also reported improved head and neck cancer survival, but no association for esophageal cancer survival [55] . NHANES III found no vitamin D association with non-Hodgkin lymphoma or leukemia survival, but indicated non-significantly increased mortality for digestive cancers (including pancreas, esophagus, stomach and liver cancers combined) in men with higher pre-diagnostic 25(OH)D (RR = 1.6) [53] . Several studies have observed improved colorectal cancer survival with higher vitamin D status [53, 56, 57] , although a pooled analysis showed no association [41] . Vitamin D was directly associated with lung cancer mortality in the present analysis, strengthening our earlier finding based on shorter follow-up, of a non-significant 20% elevated mortality [5] . This is in line with a nearly 90% elevated mortality for C 100 vs.\ 50 nmol/L 25(OH)D in NHANES III [53] , but contrasts with two Danish cohorts that showed significantly increased survival [41] .
Cancer stage data were abstracted from medical record reviews and available for half of our cases. Pre-diagnostic serum 25(OH)D did not vary by stage, the proportion of men missing stage data was similar across vitamin D categories, and adjusting for stage did not materially alter our findings. Cancer treatment data were not available, but 25(OH)D concentration at study entry is unlikely to have been associated with medical intervention years later, and our models included calendar year of diagnosis to adjust for any secular trends in therapeutics. In addition, improved survival was similar when we stratified on calendar year of diagnosis.
Observational studies of vitamin D status and cancer incidence suggest that increased circulating 25(OH)D is associated with lower colorectal cancer risk and higher prostate cancer risk, with inconsistent data for other organ sites [1, 10, [58] [59] [60] . A recent Mendelian randomization analysis found no association between a vitamin D genetic score and risk of seven cancers (colorectal, breast, prostate, ovarian, lung, and pancreatic cancers and neuroblastoma) [61] . Hypothesized mechanisms for protective risk associations for vitamin D include inhibition of angiogenesis, cellular proliferation, and inflammation, and promotion of apoptosis and cellular differentiation [62, 63] . Vitamin D has also been shown to inhibit prostate cancer metastasis in rats [64] , and it has been suggested that many vitamin D anti-cancer properties act during cancer progression rather than initiation [65] , supporting a role for vitamin D in cancer survival.
How higher vitamin D status years prior to a cancer diagnosis might selectively improve survival for some malignancies but not others can only be speculated. In some cases, lead time bias is possible; e.g., we and others have previously shown elevated serum 25(OH)D to be associated with higher prostate cancer risk [10, 60] , and earlier diagnoses could indicate detection of less lethal tumors or effectiveness of earlier treatment, for example. Higher vitamin D status has been related to improved immunity [62] , and vitamin D is known to have immunomodulatory functions [66] . For example, a recent study found that the circulating 25(OH)D-colorectal cancer risk association differed by the degree of tumor lymphocyte infiltration [67] . Whether such differences in the tumor microenvironment can explain organ site differences in the vitamin D-survival relation will require examination in other studies.
Our investigation has strengths and limitations. We evaluated mortality outcomes for nearly 5000 men with cancer, and detailed information regarding potential confounding factors was available. Nonetheless, there were relatively few cases for several rarer organ sites which reduced study power for detecting a survival association. Serum 25(OH)D was measured in fasting blood samples collected up to 28 years prior to cancer diagnosis, thus reducing the potential for cancer-related or treatment-related effects on vitamin D status, which has been a concern regarding many previously conducted studies [1] . Similar to most cohorts, we examined 25(OH)D in samples collected at only one point in time and assume both that the estimated vitamin D status represents the person's usual condition and that the 25(OH)D concentration remains stable in long-term freezer storage, both of which appear to be the case [68] [69] [70] [71] . All of our samples had 25(OH)D measured in one laboratory, but 17% of them were measured at different times using different assay methods (albeit, each considered valid). We analyzed season-specific and study set-specific quantiles to control for both this and the known seasonal variation in 25(OH)D concentrations, and our findings were unchanged in sensitivity analyses of the approximately 3800 cases whose serum samples were measured at the same time with the same assay. The ATBC Study includes only male smokers, which limits the generalizability of our findings to women and non-smokers. Several studies have reported sex differences in vitamin D and cancer associations [39, 53, 58, 59, 72] , but this has not been adequately studied. Smoking intensity and duration were not strongly associated with 25(OH)D and did not confound our findings. In addition, while the vitamin D-cancer survival association could differ in nonsmoking populations, our findings would be directly relevant to the approximately 37 million adult current smokers in the US [73] (and possibly to former smokers).
In conclusion, higher serum vitamin D concentrations up to 28 years prior to diagnosis were associated with significantly improved cancer survival, including particularly for men with prostate, kidney, and malignant skin cancers (and possibly for head and neck, pancreas, gastric, and liver cancers), but shorter lung cancer survival. Our findings indicate possible site-specific survival benefits for higher prospective vitamin D status in the face of limited evidence for protective vitamin D-cancer risk associations. Pre-diagnostic vitamin D status in relation to cancer survival outcomes should be examined in other populations that include women and other racial-ethnic groups. Whether vitamin D supplementation may have a role in clinical management of some cancer patients will require further research. 
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